The current scenario in tissue engineering research demands materials of requisite properties, viz., high porosity, mechanical stability, thermal stability, biocompatibility and biodegradability for clinical applications. However, bringing these properties in single biomaterial is a challenging task, which needs intensive research on suitable cross-linking agents. In the present study, 3D scaffold was prepared with above said properties using chitosan and oxalic (O), malonic (M), succinic (S), glutaric (G), adipic (A), pimelic (P), suberic (SU), azelaic (AZ) and sebacic (SE) acid (OMS-GAP-SAS) individually as a non covalent cross-linkers as well as the solvent for chitosan. Assessment on degree of cross-linking, mechanical strength, FT-IR analysis, morphological observation, thermal stability, binding interactions (molecular docking), in vitro biocompatibility and its efficacy as a wound dressing material were performed. Results revealed the degree of cross-linking for OMSGAP-SAS engineered chitosan were in the range between ≈55% -65% and the biomaterial demonstrated thermal stability more than 300˚C and also exhibited ≥3 -4 fold increase in mechanical strength compared to chitosan alone. The bioinformatics studies evidently proved the chemistry behind the interaction of OMSGAP-SAS with chitosan. OMSGAP-SAS played dual role to develop the chitosan biomaterial with above said properties, thus matching the requirements needed for various applications.
Introduction
Dicarboxylic acids (DCA) are versatile chemical intermediates with different chain length, generally represented as HOOC-(R) n -COOH. These chemical compounds are used as raw materials for the preparation of perfumes, polymers, adhesives and macrolide antibiotics for many years and are well known polymer building block [1] . DCA came to research focus because of its reaction capability with amine (-NH 2 ) and hydroxyl (-OH) group containing compounds through amide (-CONH 2 ) and ester linkage (-COOR) as evidenced in polyamides and polyesters preparations [2] [3] [4] [5] . However, the said reaction requires high temperature (>100˚C), which limits its application for the preparations. Alternatively, activation of -COOH group through carbodiimide and/N-hydroxysuccinimide found suitable for the reactions at ambient temperature, results in the formation of active ester (Oacylisourea) as a highly reactive intermediate, which reacts with -NH 2 and -OH groups at room temperature. However, the pH dependency, the need for additional steps for purification of the products, the uncontrolled formation of side products, hydrolysis and rearrangement reactions are the major limiting factors identified in this process [6] [7] [8] . Hence, DCAs find limited usage in biomaterial/ biopolymer preparations. However, the versatile nature of DCA, if exploited properly, it will solve most of the problems associated with the preparation of biomaterial.
Generally, biomaterial are prepared from bio-macromolecules in the presence of glutaraldehyde [9] , and it can easily react with -NH 2 group at room temperature and stabilized the bio-macromolecules with the formation of imine (-C=N) linkage. However, recently, for the biomaterials of high mechanical strength and biocompatibility, it has been identified that glutaraldehyde is not a suitable cross-linker or stabilizer because of the instability of the Schiff's base [10] . Hence, an intensive search for alternative to glutaraldehyde for biomaterial preparations has been initiated at a global level. Related to this, we made an attempt on preparation of chitosan based biomaterial by exploiting the versatile nature of DCAs.
Although chitosan based biomaterials are well recognized for profound biomedical applications, the selection and use of cross-linkers restrict the usage. Apart from various formulations (cream), biomaterials of 2D and 3D forms find applications in various biomedical fields (Tissue engineering: culturing cells, drug delivery and also as a wound dressing material) [11] . These observations suggest the necessity of suitable cross-linkers to transform the chitosan macromolecule to a porous, high strength and biocompatible material for tissue engineering research.
We found, DCA is the best option with the presumption that it may not (i) require high temperature to initiate the reaction, (ii) no need to activate the -COOH groups and (iii) may completely avoid the use of solvents.
It has been understood that in the series of DCAs, viz., OMSGAP-SAS, were chosen for the present study and the first four (Oxalic, malonic, succinic and glutaric acid) DCAs are soluble in water, whereas, adipic and pimelic are sparingly soluble in water and suberic, azelaic and sebacic acids are completely insoluble in water at room temperature. Though, the carboxyl derivatives of diacid chlorides and dialdehydes are already studied and explored for protein coupling [12] because of the functional groups (-COCl & -CHO) reactivity with the amine group through covalent bond formation (amide and imine linkages), the acid derivatives may also interact with proteins, however, as summarized in the first paragraph, the mesomeric effect of -COOH groups of DCA, requires, high temperature and/activation, and thus restricts the use of DCAs for the preparation of biopolymer materials. However, alike diacid chlorides and dialdehydes, DCAs also can interact with the -NH 2 group of chitosan at any temperature without activation of -COOH group of DCA. The present study explores the possibility of said interaction of DCA with chitosan polysaccharide in detail.
In brief, chitosan is usually dissolved in acetic acid because of proton exchange between -NH 2 group of chitosan and -COOH group of acetic acid as shown below:
Further, it has been presumed that the bi-functionality of DCA plays a dual role while interacting with the chitosan molecule. The mutual crosstalk between DCAs and chitosan in water medium transforms chitosan polysaccharide to a homogenous solution (similar to the dissolution of chitosan in acetic acid), and the prevalent ionic interactions offered higher strength to the biomaterial. Thus, the present study explores the hypothesis behind the dual role of DCAs with chitosan and the non-toxic nature of DCAs also as an attractive feature to involve DCAs for the preparation of biomaterial. Both dry labs (molecular docking study) and wet lab (preparation of 3D biomaterial and animal models) studies were carried out to substantiate the presumption and our attempt proves that DCA is really an elite compound and suitable for the preparation of biomaterial.
Experimental Details

Materials
Chitosan from shrimp shells (≥75% deacetylated), Oxalic (O), malonic (M), succinic (S), glutaric (G), adipic (A), pimelic (P), suberic (SU), azelaic (AZ) and sebacic acid (SE) and Picrylsulfonic acid [2,4,6-Trinitrobenzene sulfonic acid (TNBS)], were obtained from Sigma-Aldrich (USA). 3-[4,5-Dimethylthiazol-2-yl]-2,5-dephenyltetrazolium bromide (MTT), dexamethasone was purchased from Hi-Media (India). All the other reagents were of analytical reagent grade and used without further purification.
Engineering Chitosan Scaffold Using DCA
About 1% of chitosan powder was dispersed in water, and to that DCA was added and stirred vigorously. The homogenous solution obtained from the above said process was subjected to centrifugation to remove any unreacted molecules and a clear solution obtained upon centrifugation at 5000 RPM for 10 min was used for the preparation of 3D chitosan biomaterial. For the preparation of 3D scaffold materials, the solution was poured in Tarson (India) vial of an inner diameter of 4.5 cm and frozen at −4˚C for 2 h, −20˚C for 12 h and −80˚C for another 12 h. The frozen samples were lyophilized for 48 h at a vacuum of 7.5 militorr (1 Pa) and a condenser temperature of −70˚C (PENQU CLASSIC PLUS, Lark, India). Followed by the preparations, the samples were subjected to neutralization with repeated washings with 0.05 N NaOH/ ethanol mixtures, neutralized and then lyophilized. The concentration of DCA was varied between 0.05% -0.5% (w/v) respective of the chosen series of DCAs (OMS-GAP-SAS). The biopolymer material obtained from this procedure was designated as DCA-CCH (DCA crosslinked chitosan).
SEM Analysis of DCACCH
Followed by the preparation, the physical texture and the morphology of the scaffolds of DCA cross-linked chitosan was assessed using physical touch and scanning electron micrograph. SEM micrograph analysis was made using F E I Quanta FEG 200 -High Resolution Scanning Electron Microscope instrument under high voltage at 20 kV.
FT-IR Analysis of DCA-Engineered Chitosan Scaffolds (DCACCH)
Functional group analysis (FT-IR) for OMSGAP-SAS, chitosan and all DCACCH scaffolds were made by Spectrum One (Perkin-Elmer Co., USA model) FT-IR instrument. All spectra were recorded with the resolution of 4 cm −1 in the range of 400 -4000 cm −1 with 20 scans.
Estimation of Percentage of Cross-Linking Degree (TNBS Assay)
Degree of cross-linking was quantified using TNBS assay [13] . In brief, native and all DCA cross-linked scaffold materials were cut into small pieces of size 4.5 mm. Six milligrams of cut pieces were immersed in 2 ml solution [1 ml of 4% (w/v) di-sodium hydrogen orthophosphate and 1 ml of 0.5% (v/v) TNBS], and incubated at 40˚C for 2 h. Termination of reaction was by the addition of 3 ml of 6 M (v/v) HCl and the incubation was continued at 60˚C for 90 min. The percentage of cross-linking was calculated from the difference in the absorbance divided by the absorbance of the native material and then multiplied with 100. The absorbance of the resulting solution was measured at 345 nm using UV-Visible spectrophotometer.
Mechanical Properties of All DCACCH Scaffolds
Mechanical properties, viz., ultimate tensile strength and percentage of elongation of the dried scaffolds were measured using Universal Testing Machine (INSTRON model 1405) at a crosshead speed of 5 mm min −1 at 25˚C and 65% relative humidity. Length and width of the dumbbell shaped test samples were maintained at 20 and 5 mm respectively. All the mechanical tests were performed with dried samples and were examined in triplicate way.
Thermo Gravimetric Analysis (TGA)
Thermal decomposition analysis of DCA, native chitosan and all DCACCH scaffolds were carried out under nitrogen flow (40 & 60 ml·min
) with ramp 20˚C·min −1 using TGA Q 50 (V20.6 build 31) instrument.
Differential Scanning Calorimetry (DSC)
Differential Scanning Calorimetry (DSC) analysis for DCA, native chitosan and all DCACCH scaffolds were analyzed using a differential scanning calorimeter, model -DSC Q 200 (V 23.10 Build 79) with standard mode at nitrogen (50 ml min 
Docking and Binding Energy Calculations of DCA-Engineered Chitosan Scaffold Material
Docking analysis was carried out to know the binding residues and interactions between biomolecule and chemical compound. In the present study, in addition to docking and binding energy calculations for DCA engineered chitosan (DCACCH), calculations were also attempted for diacid chlorides (DACL) and dialdehydes (DAD) with chitosan for better understanding and substantiation. Structures of di-carboxylic acids (DCA), diacid chlorides (DACL) and dialdehydes (DAD) were generated using ACD/ChemSketch [14] and structure of Chitosan was obtained from PubChem. AutoDock 4.2 [15] force field includes an updated charge-based desolvation term, improvements in the directionality of hydrogen bonds, and several improved models of the unbound state. Current protocol categorized under semiflexible docking in that chitosan was kept as rigid and ligands being docked was kept as flexible; Kollman united atom charges, salvation parameters and polar hydrogen were added to the chitosan PDB file of protein and for ligands, Gasteiger charges were assigned and then non polar hydrogen was merged before docking simulation. Total numbers of rigid roots were defined using automatically with amide bond kept as non-rotatable. The possible dihedral in the ligand is allowed to rotate freely using Auto-Tors.
Biocompatibility of DCA-Engineered Chitosan (DCACCH) Scaffold-An in Vitro Assessment
Biocompatibility in terms of cytotoxicity (MTT assay) and cell proliferation of the prepared scaffolds were analyzed using NIH 3T3 fibroblast cell line. Cells were grown in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10% (v/v) foetal bovine serum and 1% antibiotic and were incubated at 37˚C in 5% CO 2 humidified atmosphere. Polystyrene 96 well culture plates (Tarson, India) were coated with chitosan alone and DCACCH scaffolds. The plates were then dried under laminar airflow hood followed by UV sterilization. The cells were seeded at the density of 0.5 × 10 6 per well and incubated at 37˚C in a humidified atmosphere containing 5% CO 2 . At scheduled time points of 24, 48, and 72 h, the supernatant of each well was replaced with MTT diluted in serum-free medium, and incubated at 37˚C for 4 h. After removing the MTT solution, acid isopropanol (0.04 N HCl in isopropanol) was added to each well and then left at room temperature for a few minutes to ensure all crystals are dissolved. Finally, absorbance was measured at 570 nm using UV spectrophotometer [16] . Each experiment was performed at least three times. The test samples were run as triplicate.
Cell Morphology of NIH 3T3 Cells in DCA-Engineered Chitosan (DCACCH) Scaffolds
DCACCH scaffolds (2 × 2 × 1 cm) were placed in 6 well culture plates (Tarson, India) and ETO (Ethylene Oxide) sterilized. Culture media were added to the scaffolds for overnight. NIH 3T3 fibroblast cells were seeded onto the scaffolds at a density of 5 × 10 4 cells and incubated in an atmosphere of 5% CO 2 at 37˚C. The medium was changed every 24 h. Morphology of the cells was examined after 12 days according to the following procedure. The cellsscaffold constructs were fixed in 2.5% glutaraldehyde and dehydrated through a graded ethanol series [17] . The dried cells-scaffold were coated with gold (E-1010 Ion sputter, HITACHI) and examined under SEM (S-3400 N Scanning Electron Microscope, HITACHI).
Evaluation of Wound Healing Efficacy of DCA-Engineered Chitosan (DCACCH) Scaffold
In order to assess the efficacy of DCACCH as wound cover, animal model study was taken up with prior approval from the ethical committee; with vide approval No.466/01a/CPCSEA for open wound model studies. Male Albino rats (Wistar strain) of weight ranging over 125 -150 g were used for the present study. They were housed individually in standardized environmental conditions, feed with pellet rodent diet and water ad libitum. Animals were randomly grouped into three groups with six animals per group. Group-1 (Control-wound covered with cotton soaked in Phosphate buffer saline); Group-II (Wound covered with scaffold prepared from chitosan alone); Group-III (Wound covered with scaffold of DCACCH). An incision of 4 cm (2 cm) 2 was created on the dorsal part of all the rats with the help of scissors and surgical blade, and the wound area was sterilized with surgical spirit. Respective dressing scaffolds were applied to animals and closed with gauze. All the rats were received regular dressing changes at every alternative day.
Rate of Wound Contraction Area
Wound contraction was measured as a percentage reduction in wound size at every 4-day interval and photographed. Progressive decrease in the wound size was monitored periodically by tracing the boundary, and the area was accessed graphically.
Histological Examination
Granulation tissue was collected at scheduled intervals of healing period and fixed at 10% neutral buffered formalin and then embedded in paraffin. Followed by sectioning, staining was carried out with hematoxylin and eosin (H & E), viewed under a Nikon Eclipse 80i Microscope at 4× magnification and photographed.
Measurement of Skin Tensile Strength
After complete healing of the wound, skin of healing area was excised and subjected to tensile strength measurements using Universal Testing Machine (INSTRON model 1405) at a crosshead speed of 100 mm·min −1 at 25˚C and 65% relative humidity. Length and width of the dumbbell shaped test samples were maintained at 20 and 5 mm respectively.
Results and Discussion
Chitosan, a natural polymer finds immense application in various fields. The realization of its application in biomedical research offered a variety of biomaterials. Despite the intensive research on the transformation of chitosan to novel biomaterial, still search for suitable crosslinkers to have high mechanical strength chitosan based scaffold material is going on. In addition, the insolubility of chitosan in water is the major drawback in the transformation studies. In order to obviate these problems, in the present study, we made to attempt on exploiting the dual role of di-carboxylic acids for the preparation of chitosan based scaffold material. We found, engineering the chitosan with DCAs was a simple technique, and the resultant material has appreciable mechanical properties and also biocompatible. The results obtained from the experimental parts are discussed below with supporting literatures.
of the said proton exchange, chitosan get dissolved in the presence of DCA in water, and the following schematic representations illustrates (Scheme 1) the scenery of proton exchange between DCA and chitosan and emphasizes the strong ionic interactions. Because of the said ionic interactions, chitosan, the natural polymer was completely dissolved in water in the presence of DCA and transformed to the DCACCH scaffold material. Ionic and hydrogen bonding interaction between -NH 2 group of chitosan and -COOH molecules were already in reports [18] [19] [20] [21] . Figure 1(a) demonstrates SEM images of DCA engineered chitosan based scaffolds.
The images depict that the scaffolds were porous in nature, and the porosity increases with an increase in chain length of the DCAs. The increased porosity was well observed with suberic (SU), azelaic (AZ) and sebacic (SE) acid. It was obvious that most of the volume of the membranes was taken up by the interconnecting pore space. The high porosity suggests the suitability of this biopolymer for biomedical applications, including serving as absorption sponges and matrices for cell proliferation. Results obtained from determination of percentage of porosity (experimental details and results are not shown), further authenticate the porous nature of the engineered material. The percentage of porosity was in the range between 94.22% -96.35% respective to the increasing carbon chain length of dicarboxylic acids chosen for the study.
FT-IR studies were conducted to monitor the functional group modifications in engineered chitosan polysaccharide upon interaction with DCA. Figure 1(b) (I) and (ii) illustrates the FT-IR spectral details of OMS-GAP-SAS, chitosan and all DCACCH scaffold. −1 observed in SACCH spectrum were similar to the native chitosan spectrum which exhibits that there was no change in the main backbone of chitosan structure [22] .
FT-IR spectral analyses confirm the interaction of DCAs with chitosan polysaccharide. However, in order to quantify the interactions, TNBS assay (cross-linking degree analysis) was performed, and the results suggested that increase in concentration of DCA (0.05% -0.5%), increases the degree of cross-linking up to 0.4% concentration. But, no significant difference was observed on the degree of cross-linking with 0.2%, 0.3% and 0.4% of DCA concentrations. However, about 60% -65% cross linking was observed with 0.2% DCA with chitosan.
With regard to mechanical property of the scaffold materials (DCACCH), the mechanical property is a fundamental property for any biomaterial in application point of view. From the results, we observed that the mechanical properties (percentage elongation at break and young's modulus) of the resulting scaffolds were increased by an increase in chain length of DCA ( Table 2) . Assessment on the role of concentration of each individual DCA on mechanical properties of engineered chitosan scaffold revealed, the maximum properties were observed at 0.2% concentration of DCAs and an additional increase in DCA concentration results in the reduction in mechanical properties (results not shown). An appreciable increase in mechanical properties of DCACCH suggested that the chosen DCAs interacts with chitosan in such a way and TNBS assay substantiate the interaction accordingly. Results of thermal analysis of the experimental samples DCA, chitosan and DCACCH were displayed in Table 3(a). It has been observed that incorporation of DCA with chitosan tends to shift the thermal region of chitosan (uncross-linked) to higher temperature, and such a shift was attributed to an increase in thermal stability.
Differential scanning calorimetry (DSC) studies were performed to understand the behavior of DCACCH on application of thermal energy. Exothermic peak values from the thermograms of DCA, chitosan and all DCACCH were illustrated in Table 3 (b). The higher transition temperature suggests, DCACCH had higher stability at hightemperature environment. The thermal stability also influences the durability of the scaffolds.
Though all these observations explicitly demonstrated the cross-linking ability of DCA with chitosan, however, understanding the mode of cross-linking between these two components through molecular docking studies using bioinformatics tool software (Autodock 4.2) may add value to the findings. As described in the introduction, the carboxyl derivatives of diacid chlorides and dialedhydes interacted with -NH 2 group of protein/polysaccharides through covalent linkage. Theoretically, because of the covalent interactions, there will be only meager intermolecular hydrogen bonding interactions were expected in diacid chlorides and/dialehydes with -NH 2 group. But, in the present study, with simple acid derivatives (DCAs) we can't expect the covalent linkage as described in the previous paragraphs. The interactions observed in the present study between chitosan and DCA could be noncovalent interaction. Further, to understand the possible intermolecular hydrogen bonding interactions between the -NH 2 group of chitosan and -COOH group of DCA, we follow the molecular docking studies. In addition, comparisons on binding energy were also made from carboxyl derivatives of diacid chlorides, the dialdehydes with chitosan to assess the intermolecular hydrogen bonding interaction. This can be explained as; in DCA, there is 2 H-bond donor site (green color) and 4 H-bond acceptor site (red color), however, DACL displayed 0 (Zero) H-bond donor site and 2 H-bond acceptor site (red color) and DAD displayed 0 (Zero) H-bond donor site and 2 H-bond acceptor site (red color). Because of the available hydrogen bond donor and acceptor site, the intermolecular interaction through hydrogen bonding occurs with chitosan. The dotted lines in Figure 2(a) illustrated the possible intermolecular hydrogen bond for all DCAs with chitosan.
Autodock is an automated procedure for predicting the interaction of ligands with bio-macromolecular targets. Hundred runs were given for docking. The best binding energy values for all DCA, DACL and DAD docked Chitosan biopolymers were depicted in Table 4 . Results proved that chitosan could be cross-linked with DCA with ionic interaction and also through multiple intermolecular hydrogen bonding. From this table, it has been understood that the carboxyl derivatives of diacid chlorides, and dialdehydes demonstrated less binding energy compared to the acid derivatives (OMSGAP-SAS) and these observations further authenticate the presence of intermolecular hydrogen bonding interactions. In addition, with increasing the aliphatic chain length in DCA, an increase in binding energy value was observed, however, with insignificant difference.
Though we can be able to interact with DCAs with chitosan for the preparation of scaffold material with appreciable properties, additional studies on biocompatibility are required to transform the DCA engineered mate- The cell attachment studies demonstrated, cells are attached to the porous structure of the engineered material as shown in SEM images (Figure 2(c)) . Though cell attachment studies were performed for all DCACCH scaffolds, SEM image of Sebacic acid engineered chitosan was shown as a representative image, which, illustrated the presence of fibroblast cells with typical spindle shape after being cultured for a prolonged time and suggests that the cells were infiltrated to the scaffold.
Followed by the observations on MTT and cell attachment studies, the suitability of the DCA engineered scaffolds for biomedical applications was further subjected to test as a wound dressing material (open wound) using animal models (Wistar strain). The control group (Group-I) took more than 20 days for complete closure, whereas, complete wound closure was evidenced within 16 days for Group-II (chitosan alone) and Group-III (DCA engineered biopolymer) animals. Similarly, wound contraction measurements ( Table  5 (a)) also showed accelerated wound closure in both Group-II and Group-III animals compared to Group-I. The results discussed over here were the representative results obtained for sebacic acid engineered chitosan scaffold.
Further, histological examination of the skin after 16 days of the experimental period showed that the healing of wound took progressive steps and remodeled with well structured epidermis and dermis along with regenerated hair follicles with dense collagen fibers compared to control Figure 3(b) . Additional experiments on testing of tensile strength of the healed skin of all the experimental groups demonstrated that the tensile strength of both Group-II and Group-III were comparatively higher than the control groups and more or less equal to the normal animal skin (Table 5(b) ).
These observations suggest, DCA engineered chitosan accelerated the healing of wound in such a way that the skin retrieved its properties back within a short time period.
Conclusion
In the present study, an attempt was made on to exploit the dual role of α, -di-carboxylic (OMSGAP-SAS; Oxalic, Malonic, Succinic, Glutaric, Adipic, Pimelic, Suberic, Azelaic and Sebacic) acids for the transformation of chitosan polysaccharide to high mechanical strength and highly porous scaffold material for advanced tissue engineering research. The study explicitly explored the simple intermolecular proton exchange between dicerboxylic acid and chitosan in water, dissolute the chitosan and built the non-covalent interactions (ionic interaction and multiple intermolecular hydrogen bonding) between -NH 2 group of chitosan and -COOH group of DCAs, transforms chitosan to a high strength porous scaffold material. The interaction was assessed using various experimental tools and authenticated with docking study. The reason behind the interaction was explained with schematic diagrams. Necessary comparisons on binding energy calculations for chitosan interactions with carboxyl derivatives of diacid chlorides and dialdehydes were included for better understanding. Animal model wound healing studies further explored, DCA engineered chitosan scaffold acts as a wound dressing material, and however, the engineered material can be exploited for various biomedical applications because of the high mechanical, biocompatible and porous characteristics. Ultimately, the study provides a new avenue for the preparation of chitosan scaffold with said properties for tissue engineering research using DCA, without incorporating any activation agents and solvents. The process of preparation was simple and can be executed even at room temperature. Among the di-carboxylic acid series taken for the study, our choice for tissue engineering research in the future will be with sebacic acid engineered chitosan material because of the porosity, flexibility and biocompatibility.
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